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Abstract
Over the last decade, the recognized host range of hantaviruses has expanded consider-
ably with the discovery of distinct hantaviruses in shrews, moles and bats. Unfortu-
nately, in-depth studies of these viruses have been limited. Here we describe a
comprehensive analysis of the spatial distribution, genetic diversity and evolution of
Nova virus, a hantavirus that has the European mole as its natural host. Our analysis
demonstrated that Nova virus has a high prevalence and widespread distribution in
Belgium. While Nova virus displayed relatively high nucleotide diversity in Belgium,
amino acid changes were limited. The nucleocapsid protein was subjected to strong
purifying selection, reflecting the strict evolutionary constraints placed upon Nova
virus by its host. Spatio-temporal analysis using Bayesian evolutionary inference tech-
niques demonstrated that Nova virus had efficiently spread in the European mole pop-
ulation in Belgium, forming two distinct clades, representing east and west of
Belgium. The influence of landscape barriers, in the form of the main waterways, on
the dispersal velocity of Nova virus was assessed using an analytical framework for
comparing Bayesian viral phylogenies with environmental landscape data. We demon-
strated that waterways did not act as an environmental resistance factor slowing down
Nova virus diffusion in the mole population. With this study, we provide information
about the spatial diffusion of Nova virus and contribute sequence information that can
be applied in further functional studies.
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Introduction
Zoonoses form a large portion of emerging infectious
diseases threatening global health. Over 70% have their
origin in wildlife and are increasing significantly over
time (Taylor et al. 2001; Jones et al. 2008). Special atten-
tion is given to viral zoonoses and RNA viruses in par-
ticular, due to their more error-prone replication and
consequential ability to adapt to new hosts more easily
(Cleaveland et al. 2001; Woolhouse & Gowtage-Sequeria
2005). Hantaviruses are negative sense single-stranded
RNA viruses and the causative agents of haemorrhagic
fever with renal syndrome (HFRS) and hantavirus pul-
monary syndrome (HPS) (Maes et al. 2004; Vaheri et al.
2013). In Europe and Asia, human infection with Old
World hantaviruses can lead to HFRS, which has the
kidneys as its main target organs. Cases of HPS, present
in the Americas, are rare, albeit they usually have a
more severe disease course. Although the organ tropism
can differ in both clinical presentations, an apparent
overlap of symptoms is occasionally noted (Peters &
Khan 2002; Gizzi et al. 2013). Hantavirus disease, a
more suitable name for all clinical manifestations associ-
ated with hantavirus infection, can be contracted upon
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inhalation of aerosols of saliva, urine or faeces of
infected reservoirs (Clement et al. 2012).
At present, all confirmed pathogenic hantaviruses have
rodents as their natural hosts. Even though the first han-
tavirus, Thottapalayam virus, was isolated from an Asian
house shrew (Suncus murinus) in 1964 (Carey et al. 1971),
all subsequently discovered hantaviruses until 2006 origi-
nated from rodents. Since then, numerous new han-
taviruses have been detected in shrews, moles and bats
(Klempa et al. 2007; Arai et al. 2008; Sumibcay et al. 2012;
Weiss et al. 2012). Currently, 24 hantavirus species have
been officially recognized, but more than 60 possible han-
taviruses have been detected up till now (Plyusnin et al.
2011). The discovery of new hantaviruses gave more
insight into the complex evolution that led to the han-
taviruses circulating today. The congruence between
phylogenetic trees of hantaviruses and their rodent hosts
inspired an initial hypothesis of codivergence, where
hantaviruses presumably had evolved with their specific
hosts over millions of years (Hughes & Friedman 2000).
The discovery of new hantaviruses of Eulipotyphla and
Chiroptera revealed inconsistencies with strict long-term
virus-host codivergence (Guo et al. 2013). Hantavirus
evolution appears to consist of a complex mechanism of
virus-host co-evolution that has involved ancient reas-
sortment and multiple host-switching events (Bennett
et al. 2014). Moreover, ancestors of bats or insectivores
instead of rodents are the likely hosts of primordial han-
taviruses (Guo et al. 2013; Bennett et al. 2014). Han-
taviruses with Talpidae as host especially have a
complex evolutionary history as the mole-borne viruses
do not form a monophyletic group and are the result of
multiple separate host-switching events (Bennett et al.
2014). Hantaviruses have been detected in moles and
shrew moles in America, Europe and Asia, for example
Asama virus (Urotrichus talpoides), Oxbow virus (Neu-
rotrichus gibbsii), Rockport virus (Scalopus aquaticus),
Dahonggou Creek virus (Scaptonyx fusicaudus) and Nova
virus (Talpa europaea) (Arai et al. 2008; Kang et al. 2009a,b,
2011, 2016). Unfortunately, for most newfound han-
taviruses, isolates and/or complete genome sequences
are lacking. This causes issues with current hantavirus
classification guidelines and hampers infection and
pathogenicity studies with these agents.
Nova virus, abbreviated as NVAV, was detected in
2009 in the archival liver tissue of a European mole,
captured in Zala County, Hungary (Kang et al. 2009b).
The European mole has a widespread distribution
across the European continent although it is absent
from the southern part of the Mediterranean regions
and the north of Scandinavia (Amori et al. 2008). In line
with these observations, Nova virus has been detected
in European moles from France, Poland and Belgium
(Gu et al. 2014a,b; Peeraer et al. 2015). The mean
prevalence of Nova virus within the mole populations
in these countries is high, going up to 65.5%. Nova
virus has a wide tissue distribution in lung, heart, liver,
kidney, spleen and intestine, concurring with previous
observations of rodent-borne hantaviruses and their
reservoirs (Gu et al. 2014b). Although insectivore-borne
viruses have been detected in their natural hosts for
almost 10 years, little is still known about their patho-
genic potential, mode of transmission, evolutionary his-
tory, genetic diversity and host adaptation potential.
Nova virus is one of the most divergent hantaviruses
detected to date and is distantly related to bat-borne
hantaviruses, likely having a more ancient origin than
rodent-borne hantaviruses (Guo et al. 2013; Bennett et al.
2014). Intraperitoneal infection of infant mice with Nova
virus resulted in neurological symptoms and death,
after which a high number of Nova virus RNA was
detected in brain tissue. Notably, histopathological
abnormalities were largely confined to the brain and
symptoms do not resemble human hantavirus disease
progression (Gu et al. 2016). Infection studies in more
suitable animal models such as immunosuppressed
hamsters will be paramount to uncover the pathogenic
potential of Nova virus (Brocato et al. 2014).
Here we do an in-depth analysis of the genetic char-
acteristics, molecular epidemiology and evolution of
Nova virus. Foremost, we investigate the distribution of
Nova virus in the Belgian mole population. In addition,
we study the genetic diversity of Nova virus in compar-
ison with other hantaviruses and between Belgian Nova
virus strains. Furthermore, we examine the evolutionary
pressures placed upon the Nova virus nucleocapsid
protein. Finally, we analyse the spatio-temporal diffu-
sion of Nova virus in the Belgian mole population and
factors influencing virus dispersal velocity. Due to
incomplete and sparse sequence data, comprehensive
genetic studies of insectivore-borne hantaviruses have
been limited (Schlegel et al. 2012; Guo et al. 2013; Ben-
nett et al. 2014; Lin et al. 2014). This study provides
more insights into the complex evolutionary history of
insectivore-borne hantaviruses and will hopefully form
a jumping-off point for more extensive studies concern-
ing other bat-, shrew- and mole-borne hantaviruses.
Materials and methods
Sample collection
European moles were trapped at different locations in
the period of 2013–2015. Trapping was conducted in the
context of pest control by professional mole catchers
using mechanical scissor traps. As European moles are
widely persecuted as a pest animal, no permits were
required for the described study, which complied with
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all relevant regulations. Immediately after trapping,
European moles were identified by morphological fea-
tures and stored for up to 1 week at 20 °C until dis-
section. Lung, kidney, heart, liver and spleen tissues
were aseptically removed and stored in RNAlater Sta-
bilization Solution (Ambion) at 20 °C.
RNA extraction, RT–PCR and sequencing
Total RNA was extracted from renal tissue with the
RNeasy Mini kit (Qiagen) according to the manufac-
turer’s instructions. A nested RT–PCR was carried out
using the OneStep RT–PCR kit (Qiagen) using primers
described previously (Klempa et al. 2006). After an ini-
tial RT step at 50 °C for 30 min, Taq polymerase was
activated at 95 °C for 15 min. This was followed by 40
cycles of amplification (30 s at 94 °C, 30 s at 53 °C and
1 min at 72 °C) and a final extension at 72 °C for
10 min. Primers for the amplification of the full S seg-
ment are available in Table S1 (Supporting information).
Additionally, primer walking was performed to cover
the full M and L segments of seven Nova virus
sequences. Primers and thermal profiles are available
upon request. PCR amplicons were purified using Exo-
SAP-IT PCR Product Cleanup (Affymetrix) and
sequenced according to the ddNTP chain termination
method with the BigDye Terminator v3.1 cycle sequenc-
ing kit (Life Technologies) on an Applied Biosystems
3130xl Genetic Analyzer. Sequences were manually
inspected using CHROMAS 2.4 (Technelysium), and con-
sensus sequences were derived with SEQMAN 7.0 (DNAs-
tar). All sequences generated in this study were
submitted to NCBI GenBank under Accession numbers
KX512326 to KX512437.
Nucleotide and protein analysis
Nucleotide sequences were aligned with MAFFT using
the L-INS-I option and manually edited in MEGA 7
(Kumar et al. 2016). Nucleotide and protein identities
were inferred using MEGA 7. Interstrain nucleotide
diversity (p) was calculated with DNASP using the DNA
polymorphism function with a sliding window of 100
nt and a step size of 25 (Librado & Rozas 2009). N- and
O-linked glycosylation sites were predicted using the
NETNGLYC 1.0 Server and NETOGLYC 4.0 Server, respec-
tively (Steentoft et al. 2013). Possible recombination
events were analysed using RDP, GENECONV, Chi-
maera, MaxChi, 3seq, Bootscan and Siscan, imple-
mented in RDP4 (Martin et al. 2015). To estimate the
genetic similarity between virus pairs, pairwise evolu-
tionary distances (PED) were calculated on the complete
nucleocapsid coding region multiple alignment using
the program TREE-PUZZLE v5.2 with the WAG amino acid
substitution matrix. Unrooted phylogenetic reconstruc-
tion was performed with PHYML v3.0 using default
parameters and automatic model selection. A heatplot
was generated with R v3.1.1. Selection pressure analysis
was performed using the HYPHY package implemented
in the DATAMONKEY server (Delport et al. 2010). Sites
under positive and purifying selection were assessed
using SLAC, FEL, IFEL, MEME and FUBAR (Kosa-
kovsky Pond & Frost 2005; Pond et al. 2006; Murrell
et al. 2012, 2013).
Phylogeographic analysis
To estimate geo-referenced phylogenetic trees, Bayesian
phylogeographic inference was performed using a con-
tinuous diffusion approach implemented in BEAST 1.8.2
(Lemey et al. 2010). The nucleotide substitution process
was modelled using a codon position partition model
[SRD06, (Shapiro et al. 2006)]. Because the data set did
not contain sufficient temporal signal (divergence accu-
mulation over the sampling time range as assessed
using TEMPEST, Rambaut et al. 2016), we used a strict
molecular clock model and fixed the substitution rate to
103 substitutions/site/year in line with hantavirus
evolutionary rate estimates (Ramsden et al. 2008). We
used a Bayesian SkyGrid coalescence model (Gill et al.
2013) and a relaxed random walk model for the contin-
uous location traits with a Cauchy probability distribu-
tion. The Markov chain Monte Carlo analyses were run
until adequate effective sample sizes (ESS > 200 for con-
tinuous parameters) were obtained. A maximum clade
credibility tree was summarized from the posterior tree
distribution using TREEANNOTATOR 1.8.2 [from the BEAST
package; (Drummond et al. 2012)].
Testing the impact of main waterways
We used the analytical framework developed by Delli-
cour et al. (2016b) to investigate the impact of main
waterways on the dispersal velocity of the Nova virus
in the Belgian mole population. We here summarize the
different steps of the workflow, but see also for a more
detailed description of a similar workflow. All the dif-
ferent analytical steps were performed with R functions
available in the package SERAPHIM (Dellicour et al.
2016a).
Step 1: Spatial-temporal information was extracted
from 100 trees sampled at regular intervals from the
post-burn-in posterior distribution to take into
account phylogenetic uncertainty. After this extrac-
tion step, each phylogeny branch in each tree was
summarized as a vector defined by its start and end
location and its start and end dates. Each branch
© 2016 John Wiley & Sons Ltd
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therefore represents an independent viral lineage
dispersal event (Pybus et al. 2012).
Step 2: Second, to obtain a first visual overview of
the extracted information, we mapped both the
MCC tree and the 75% HPD regions based on the
100 trees selected in step 1. Similar to the method
developed by Bielejec et al. (2011), the 75% HPD
regions were computed for successive time layers
and then superimposed using a specific colour scale
ranging from red (MRCA) to blue (sampling time).
Main waterways, that is ‘rivers’ and ‘canals’ as
defined by and obtained from the OPENSTREETMAP
database (URL: openstreetmap.org), were also
added to the map.
Step 3: In a third step, each of the vectors obtained
in step 1 was assigned a specific ‘weight’ based on
main waterway rasters defined as resistance grids.
The main waterway rasters were generated by raster-
izing the ‘rivers’ and ‘canals’ GIS vectorial objects
obtained from the OPENSTREETMAP database and by
assigning a resistance value equal to (1 + k) to each
cell crossed by a main waterway. We tested three
different values for the parameter k: 10, 100 and
1000. As the raster cells that are not crossed by a
main waterway were assigned a uniform value of 1,
k thus defines the additional resistance when the cell
does contain such potential landscape barrier. To
compute these weights, we used two different ‘path
models’: (i) a least-cost path model where weight is
computed as the sum of the transition values
between adjacent cells along the least-cost path (Dijk-
stra 1959) and (ii) a random walk path model where
the weight is a graph-theoretic metric based on cir-
cuit theory, which takes into account multiple possi-
ble pathways connecting a given pair of locations
and the values of the raster cells through which they
pass (McRae 2006; Mcrae et al. 2008). These two
models correspond to two different dispersion beha-
viours, and testing both of them allows the possibil-
ity of considering different assumptions about the
dynamics of Nova virus spread.
Step 4: In a fourth step, we estimated the correlation
between the dispersal duration and environmental
weight now assigned to each phylogeny branch. For
each of the 100 sampled trees, we estimated the
statistic D = (R2waterways  R2null), where R2waterways is the
R2 obtained when branch durations are regressed
against weights computed on a main waterways ras-
ter and R2null is the R
2 obtained when branch dura-
tions are regressed against weights computed on a
‘null’ raster, that is a raster with uniform cell values
equal to 1. R2null corresponds to the case where only
the spatial distance of each movement event is con-
sidered.
Step 5: The last step consisted in testing the statisti-
cal significance of D values. For this purpose, we
used the randomization procedure that randomizes
phylogenetic node positions under the constraint
that branch lengths (i.e. branch durations), the tree
topology and the root position are unchanged (Delli-
cour et al. 2016b). Such a procedure allows generat-
ing a null distribution of D values for each sampled
tree. The comparison of the observed D value and
this null distribution provided one P-value per input
phylogeny, which corresponds to the proportion of
randomization replicates that generated D values lar-
ger than that generated by the empirical input phy-
logeny. As 100 sampled trees were used, we then
obtained a distribution of 100 P-values and reported
the percentage of P-values >0.05.
Results
Nova virus has a widespread distribution in Belgium
To gain insight into the spatial spread of Nova virus in
the Belgian mole population, we tested mole kidney
samples for the presence of Nova virus RNA. From
2013 to 2015, a total of 479 moles were collected in Bel-
gium. The host species was determined by morphologi-
cal identification. All samples in our data set originated
from European moles (Talpa europaea), the only mole
species described to be present in this region. Samples
had a widespread distribution in Belgium, covering 93
unique postal codes (Fig. 1). The range of the sampled
regions was 152 km. Kidney samples were tested for
the presence of hantavirus RNA with primers directed
at a conserved region of the polymerase gene (Klempa
et al. 2006). Sequencing confirmed the presence of Nova
virus RNA in 255 of 479 samples, leading to a positivity
rate of 53.2%. The geographical distribution of positive
samples included the entire sampling region. There was
no significant fluctuation in positivity rates between
subsequent years. Kidney and lung samples of two
European water voles (Arvicola amphibius) that were
trapped in mole burrows were also tested for the pres-
ence of hantavirus RNA but were found to be negative.
These findings indicate that Nova virus has a high
prevalence and is widely dispersed in the mole popula-
tion in Belgium.
Full genome analysis of Nova virus displays high
genetic diversity
To further investigate the full genetic diversity of Nova
virus, the complete small (S), medium (M) and large (L)
segments of seven Nova virus strains, sampled from
© 2016 John Wiley & Sons Ltd
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divergent regions, were sequenced (Fig. 1). Within Bel-
gian Nova virus strains, there was relatively high diver-
sity at the nucleotide level, with strain variability going
up to 16.25% for the complete S segment, 16.65% for
the M segment and 14.50% for the complete L segment
(Table 1). The lower nucleotide diversity within strains
from outside of Belgium can be explained by the fact
that the majority of samples originated from a small
region in Poland. However, at the amino acid level,
high codon conservation was noticed with maximal
amino acid identity variation of 97.89%, 96.36% and
96.34% for S, M and L, respectively. The interstrain
nucleotide diversity (p) for the Belgian strains was cal-
culated using a sliding window approach (Fig. 2). The S
segment, which had 540 polymorphic sites, demon-
strated relative sequence conservation in the coding
region and high sequence variability at the 30 noncoding
region (NCR). At the 30 NCR, two more conserved
domains were present around nucleotide 1400 and
nucleotide 1650. The M segment, exhibiting 1042 segre-
gating sites, had approximately the same level of over-
all sequence variability. In addition to an expected peak
in nucleotide diversity at the short 30 NCR, a conserved
region was noticed at the 50 end, which corresponds to
the signal peptide and the N-terminal region of the Gn
protein. The L segment remains relatively consistent
over the entire polymerase gene with 2617 segregating
sites. A region with lower variation was present around
nucleotide 3400–3500.
The presence of N- and O-linked glycosylation sites
was determined for the Nova virus glycoprotein precur-
sor of all seven sequenced samples and one additional
sequence available from NCBI GenBank. All glycopro-
teins had predicted N-glycosylation sites at N101, N133,
N344, N396, N539 and N924. The predicted glycosyla-
tion at position N101 is a unique characteristic of all
Nova viruses and has not been found in other han-
taviruses thus far. O-glycosylation was inferred at a
number of amino acid positions, but no predicted gly-
cosylation sites were present in all analysed strains
(Table S2, Supporting information).
The interspecies divergence between Nova virus and
other hantaviruses was characterized by a heatmap
based on the pairwise evolutionary distances of the
nucleocapsid protein (Fig. 3). A strong grouping of
virus pairs in correlation with their natural host was
observed. Furthermore, a cluster of hantaviruses with
hosts belonging to the Soricidae family (i.e. Kilimanjaro
virus, Imjin virus and Thottapalayam virus) proved to
be highly divergent of other hantaviruses. A second
5°E3°E
51
.2
°N
50
.5
°N
km
miles
0 10 20 30 40
0 10 20 25
Fig. 1 Map of the distribution of Nova virus in the mole population in Belgium. Nova virus RNA-positive samples were marked
with full circles, while negative samples are marked with open circles. Samples with a complete genome sequence are marked in
red.
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Table 1 Table with average nucleotide (nt) and amino acid (aa) identities. The average nt and aa identities were calculated for the
Belgian strains sequenced in this study, for non-Belgian strains available on NCBI GenBank (other) and between both groups. The
absolute range of nucleotide or amino acid identities is denoted between square brackets. N gives the number of strains included in
each analysis
N Avg. nt identity Avg. aa identity
Nova virus S segment
Within Belgium 7 85.68% [83.75–92.52%] 98.88% [97.89–99.77%]
Within other 11 95.87% [85.84–100.00%] 99.20% [96.02–100.00%]
Belgian vs. other 18 84.41% [83.70–86.00%] 97.42 [96.25–98.13%]
Nova virus M segment
Within Belgium 7 85.94% [83.35–90.87%] 97.65% [96.36–99.20%]
Within other 1 N.A. N.A.
Belgian vs. other 8 85.28% [83.96–85.99%] 97.61% [97.16–97.87%]
Nova virus L segment
Within Belgium 7 86.63% [85.50–87.98%] 97.37% [96.34–98.14%]
Within other 2 85.98% [N.A.] 96.38% [N.A.]
Belgian vs. other 9 85.87% [85.42–86.48%] 96.60% [95.96–97.12%]
N.A, not applicable.
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divergent group consisted of bat-borne hantaviruses
(i.e. Longquan virus, Xuan Son virus and Laibin virus)
and Nova virus. Within this group, Nova virus was
shown to be the most distantly related hantavirus.
Lower intragroup divergence was seen for rodent-borne
hantaviruses in contrast to bat-, shrew- and mole-borne
hantaviruses. These results indicate that Nova virus is a
highly divergent virus and has acquired characteristics,
unique among hantaviruses.
The Nova virus nucleocapsid gene was subjected to
strong purifying selection
Hantaviruses are thought to have a strict relationship
with their natural hosts, putting strong evolutionary
constraints on genome variation (Sironen et al. 2001;
Daugherty & Malik 2012; Castel et al. 2014). To detect
molecular signatures of selection, we performed a
comprehensive selection analysis of the complete cod-
ing sequence of the Nova virus S segment, encoding
the nucleocapsid gene. For this purpose, the complete
S segment of 105 Belgian Nova virus strains, covering
the entire sampling region, was sequenced. Of these,
five samples identical to other Nova viruses at the
nucleotide level and two additional samples with iden-
tical coding regions were excluded from further
analyses. For the 98 samples included in selection
pressure testing, the presence of possible recombina-
tion events was excluded by RDP4 (Martin et al. 2015).
To detect selective pressures acting on the nucleocap-
sid gene, five different methods (i.e. SLAC, FEL, IFEL,
FUBAR and MEME) were employed. The overall dN/
dS ratio of the nucleocapsid data set, calculated using
SLAC, was 0.006, indicating that Nova virus is sub-
jected to strong purifying selection (Table 2). Negative
selection pressures acting on the nucleocapsid gene
were detected by SLAC, FEL, IFEL and FUBAR.
Depending on the used method, between 320 and 408
of a total of 428 sites were estimated to be negatively
selected. This marks between 74.76% and 95.32% of
tested codon positions.
When applying SLAC, FEL, IFEL and FUBAR, no
positively selected sites could be detected in the nucleo-
capsid gene. Although we were not able to find evi-
dence for adaptive evolution, applying the
aforementioned methods, we screened for positively
selected sites under episodic directional selection using
MEME. Here, we detected no sites under episodic
diversifying selection corresponding P-values below
0.05. While values were slightly above the statistical sig-
nificance level (P < 0.05), two sites under possible epi-
sodic diversifying selection were detected at codon
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positions 190 (P = 0.05) and 233 (P = 0.05). In our data
set, an alanine or proline can be found at position 190,
whereas at site 233, a serine or threonine is expressed.
Although crystal structures of Nova virus have not
been determined, corresponding positions of Hantaan
virus flank putative binding regions, whereas the region
containing amino acid 190 is thought to be required for
a functional RNA binding domain (Xu et al. 2002; Olal
& Daumke 2016). Although Nova virus exhibits rela-
tively high nucleotide diversity, the nucleocapsid pro-
tein has been subjected to strong purifying selection
resulting in limited amino acid changes.
Nova virus has efficiently spread in the Belgian mole
population
To obtain a broader overview of hantavirus evolution, a
Bayesian phylogenetic analysis of the partial nucleotide
sequence of the S segment, corresponding to the highest
amount of Nova virus sequences available in NCBI
GenBank, was performed. The phylogenetic tree shows
monophyletic clades, referring to families, subfamilies
or orders of their natural hosts (i.e. Muridae, Soricidae,
Sigmodontinae, Neotominae, Arvicolinae, Chiroptera;
Fig. 4A). Occasionally, cross-species transmission events
can be noted. This is especially clear with mole-borne
hantaviruses that endured multiple host switches dur-
ing evolution. Nova viruses form a distant group, most
closely related to bat-borne hantaviruses. These results
indicate that Nova virus is a highly divergent virus
with a complex evolutionary history likely involving
cross-species transmission. Bayesian phylogenetic analy-
sis of all available Nova virus strains showed distinct
clades according to the geographical location (Fig. 4B).
However, Belgian strains form two separate lineages.
Nova virus strains corresponding to the west of Bel-
gium are more closely related to strains originating
from France, Poland and Hungary, while the east of
Belgium represents a separate clade. The Belgian Nova
virus strains were further used in a more in-depth phy-
logenetic reconstruction.
To reconstruct the spatial diffusion of Nova virus in the
Belgian mole population, a continuous Bayesian phyloge-
netic analysis was performed. The sequences are 1286 nt
long and span the entire Nova virus nucleocapsid gene.
Subsequently, the maximum clade credibility (MCC) tree
was mapped according to known and estimated node
locations (Fig. 5). Phylogenetic analysis allowed the iden-
tification of two distinct and well-supported clades, corre-
sponding to the east and west of Belgium.
Nova virus dispersal was correlated with the geo-
graphical location of external and internal nodes.
Because the range of sampling dates in our data set
was rather limited, we set a fixed estimated substitution
rate. The time to the most recent common ancestor
(TMRCA), based on a fixed evolutionary rate calibration
of 103 substitutions/site/year, was estimated around
the year 1760 (95% highest posterior density interval:
1725–1793). Our phylogenetic analyses revealed that
Nova virus has spread across Belgium forming two sep-
arate lineages.
The main waterways did not affect Nova virus
dispersal velocity in Belgium
To estimate the impact of natural barriers on the disper-
sal of Nova virus in the mole population, the analytical
framework for comparing viral phylogenies with envi-
ronmental landscape data, developed by Dellicour et al.
(2016b), was used. The spatio-temporal information of
100 trees, sampled from the posterior distribution of the
preceding Bayesian phylogenetic reconstruction of Nova
virus in Belgium, was extracted. Subsequently, the asso-
ciation between the main waterways, acting as an envi-
ronmental resistance factor, and Nova virus dispersal
velocity was analysed. For this purpose, a raster con-
taining the main waterways with a grid resolution of
0.5 arcmin and 1 arcmin (corresponding to ~1 km
square and ~2 km square, respectively) was employed.
For each resistance grid, two different path models, that
is a least-cost and a random walk path model, were
used in order to compute the environmental weight
Table 2 Selection analysis based on 98 unique coding sequences of the nucleocapsid gene of Nova virus. SLAC, FEL, IFEL, MEME
and FUBAR, implemented in the DATAMONKEY server, were used to determine sites under positive, negative or diversifying selection
Method Cut-off value
Positively
selected sites
Sites under episodic
diversifying selection
Negatively selected
sites Mean x
SLAC P ≤ 0.05 0/428 N.A. 320/428 (74.76%) 0.006
FEL P ≤ 0.05 0/428 N.A. 348/428 (81.31%) N.A.
IFEL P ≤ 0.05 0/428 N.A. 332/428 (77.57%) N.A.
MEME P ≤ 0.1 N.A. 190 (P = 0.05), 233 (P = 0.05) N.A. N.A.
FUBAR P ≤ 0.9 0/428 N.A. 408/428 (95.32%) N.A.
N.A. Not applicable, x = dN/dS.
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assigned to each phylogeny branch. To ensure that a
sufficiently conservative approach was employed, a
range of k-values, used to define the resistance value
for the waterways, was chosen. For each combination of
grid resolution, k-value and path model (Table 3), we
estimated the correlation statistic = (R2waterways  R2null),
where R2waterways is the R
2 obtained when branch dura-
tions are regressed against weights computed on a main
waterways raster and R2null is the R
2 obtained when
branch durations are regressed against weights com-
puted on a ‘null’ raster, that is a raster with uniform
cell values equal to one (see the Material and Methods
section for further details). Only 0 to 2 per cents of D
statistics were both positive and significant (Table 3).
This is well below what would have been expected if
the main waterways had an impact on Nova virus dis-
persal velocity. We can thus conclude that the main
waterways in Belgium did not represent a significant
resistance factor slowing down the dispersal velocity of
Nova virus in the Belgium mole population.
Discussion
The detection of shrew-, bat- and mole-borne han-
taviruses illustrates the worldwide spread and high
diversity of these viruses, infecting a vast range of small
mammals. Nevertheless, nearly a decade after the dis-
covery of a second non-rodent-borne hantavirus, the
current limitations to our knowledge concerning evolu-
tion, epidemiology and pathogenicity of these han-
taviruses are noteworthy (Klempa et al. 2007). Although
efforts have been made, the paucity of available virus
isolates and complete genome sequence data has ham-
pered important aspects of hantavirus research (Shin
et al. 2012; Ling et al. 2015; Gu et al. 2016). Here we pre-
sent an in-depth analysis of the spatial distribution,
diversity and evolution of Nova virus, an insectivore-
borne hantavirus.
Human hantavirus infection occurs indirectly through
aerosols of infectious particles present in the environ-
ment. Thus, transmission efficacy of hantavirus is
directly dependent upon the shedding behaviour of its
natural host. Whereas for insectivore-borne han-
taviruses no in vivo studies have been performed, per-
sistence and excretion of rodent-borne hantaviruses
have been studied under experimental and natural con-
ditions (Botten et al. 2000, 2002; Hardestam et al. 2008;
Voutilainen et al. 2015). While hantavirus shedding usu-
ally declines after an initial peak phase, hantavirus
RNA is still detected in tissues until at least 7 months
0.03
Nova virus Poland
Nova virus Hungary
Nova virus Belgium
Nova virus France
(A) (B)
0.3
Chiroptera
Soricidae
Arvicolinae
Sigmodontinae /Neotominae
Muridae
Talpidae
Fig. 4 (A) Bayesian phylogenetic tree of hantavirus partial S segment (447nt). Outer ring is coloured according to the host; Chiroptera
in yellow, Soricidae in red, Arvicolinae in orange, Sigmodontinae and Neotominae in green, Muridae in purple and Talpidae in blue.
The Nova virus branch is marked in blue. (B) Bayesian phylogenetic tree of the partial S segment (447 nt) of Nova virus. Within the
family Talpidae, Nova virus strains originating from different countries (i.e. Belgium, France, Poland and Hungary) are represented
in different shades of blue.
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after infection (Botten et al. 2002, 2003). Rodent-borne as
well as insectivore-borne hantaviruses are known to
have a broad tissue distribution in their reservoir host
(Botten et al. 2000; Gu et al. 2014b; Witkowski et al.
2016). Here, we report the detection of Nova virus in
53.2% of all tested mole kidney samples. Hantavirus
positivity rates can vary significantly, depending on the
host species. Furthermore, within a hantavirus species,
seasonal and annual variation in positivity rates are also
observed, contingent on multiple factors (e.g. popula-
tion turnover, population density, host contact rates)
(Voutilainen et al. 2016). Although moles have a consid-
erably longer lifespan than most rodents, this alone can-
not explain the high positivity rate observed in the
mole population. In bats, of which many species have a
lifespan exceeding 25 years, relatively low hantavirus
positivity rates have been reported (Calisher et al. 2006;
Sumibcay et al. 2012; Weiss et al. 2012). Although con-
tact with mole excreta will be limited until their cap-
ture, we could speculate that a considerable human
infection risk could be present, considering the high
Nova virus positivity rate. For this purpose, screening
of professional mole catchers, gardeners, etc. for the
presence of Nova virus IgG antibodies would be a valu-
able step in the overdue study of the pathogenic poten-
tial of this virus.
Nova virus is a highly divergent hantavirus, forming
a separate phylogenetic lineage, most closely related to
bat-borne hantaviruses. Within the Nova virus species,
high nucleotide diversity with circa 29% polymorphic
sites at the S, M and L segments is present. The S seg-
ment, similar to other hantaviruses, contains a large 30
noncoding region (circa 500 nt) that has limited
sequence conservation. The 30 NCR of hantavirus S seg-
ment mRNA is predicted to be involved in cap-depen-
dent translation initiation of viral mRNAs, replacing
polyA tail functions (Vera-Otarola et al. 2010). Further-
more, mutations in 30 and 50 NCRs are associated with
Puumala virus-host adaptation (Lundkvist et al. 1997;
Nemirov et al. 2003). Although the 30 NCR of Belgian
5°E3°E
51
.2
°N
50
.5
°N
Fig. 5 Reconstructed spatiotemporal diffusion of Nova virus in the Belgian moles population: mapped MCC tree and 75% HPD
regions based on 100 trees regularly sampled from the post-burn-in posterior distribution. To discard the large uncertainty related to
the position of the most ancestral node connecting the two distinct clades, this node was removed of the sampled trees for the HPD
regions estimation (see Figure S1, Supporting information for the map generated without removing the most ancestral node). The
75% HPD regions were computed for successive time layers and then superimposed using a specific colour scale ranging from red
(MRCA) to blue (sampling time). The mapped tree is the MCC tree, and its nodes are coloured according to the same colour scale as
for the 75% HPD layer. White and black lines correspond to the main waterways (‘rivers’ and ‘canals’ as defined by the OPEN-
STREETMAP database) and to the national Belgian boundaries, respectively.
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Nova virus strains is highly variable, two relatively con-
served domains are present around nucleotide 1400 and
nucleotide 1650. Whether these regions are involved in
RNA binding of host or viral proteins remains to be
further investigated. The M segment contains a con-
served region of circa 400 nt that corresponds to the sig-
nal peptide and the N-terminal region of the Gn
protein. The presence of a less variable region at the N-
terminal domain of Gn is remarkable, considering this
region corresponds to the ectodomain of Gn, that is
projected at the virion surface and is the target of neu-
tralizing antibodies (Arikawa et al. 1989; Maes et al.
2004). Furthermore, the Gn ectodomain of Nova virus
appears to be divergent in comparison with other han-
taviruses.
Most hantaviruses have four predicted N-linked glyco-
sylation sites in the Gn protein and one additional N-gly-
cosylation site at the Gc protein in common. These sites,
corresponding to N134, N235, N347, N399 and N928
sites of Hantaan virus, were experimentally confirmed to
play a role in protein folding and intracellular trafficking
(Shi & Elliott 2004). In addition to these corresponding
sites, Nova virus has another predicted glycosylation site
at N539, whereof the analogue Hantaan virus site was
demonstrated in vitro not to be glycosylated during mat-
uration (Shi & Elliott 2004). Finally, for all Nova virus
strains, another N-linked glycosylation site, at position
N101 in the conserved N-terminal Gn region, was pre-
dicted. This region was demonstrated to be significantly
divergent from other hantaviruses. The meaning of this
finding for Nova virus glycoprotein structure and fold-
ing or intracellular trafficking remains to be elucidated.
While hantaviruses have a very strict relationship
with their host, assuming to have co-evolved over
millions of years, hantavirus evolution has also been
shaped by multiple host-switching events (Yanagihara
et al. 2014). Virus-host co-evolution implements a fine
balance between adaptation and counter-adaptation
during the host-virus arms race (Daugherty & Malik
2012). Selection analysis of the Nova virus nucleocapsid
gene demonstrated that while Nova virus is highly vari-
able at the nucleotide level, it has been subjected to
strong purifying selection, illustrated by a dN/dS ratio
of 0.006. While no positive selection was detected in
our data set using SLAC, FEL, IFEL and FUBAR, we
did see indications for diversifying positive selection. It
has been hypothesized that adaptive evolution can be
primarily episodic, with purifying or neutral selection
on other branches masking transient selection on a sub-
set of the lineage (Murrell et al. 2012). We can conclude
that purifying selection is the dominant pressure driv-
ing virus-host co-evolution. A likely scenario would be
that after a host-switching event, hantaviruses could
undergo a short burst of positive selection, while adapt-
ing to the new host. Other studies with rodent-borne
hantaviruses previously reported substitution rates
within the range 102 to 104 subs/site/year, as
expected for RNA viruses (Ramsden et al. 2008; Weber
de Melo et al. 2015). While hantaviruses were shown to
be subjected to genetic drift and reassortment at a local
scale, part of the variation was transient and balancing
selection, limiting amino acid changes, was also noticed
with other hantaviruses (Razzauti et al. 2013; Castel
et al. 2014; Weber de Melo et al. 2015).
In this study, we conducted a phylogenetic recon-
struction of Nova virus dispersal in the European mole
population in Belgium. Two distinct and well-sup-
ported clades, corresponding to the east and west of
Table 3 Results of the randomization tests performed to assess the level of significance of the correlation between phylogenetically
informed dispersal durations and environmental weights computed on the main waterways raster. Randomization tests were applied
to a set of 100 sampled trees, and 100 randomization steps were performed to assess the significance of the D statistic estimated for
each tree. For each combination of raster grid resolution, k-value and path taken model, we report the percentage of sampled trees
for which P < 0.05. ‘k’ refers to the parameter used to define the resistance value of main waterways acting as barriers
Resolution k Path taken model
% of significant
positive D values
0.008 9 0.008 (0.5 9 0.5 arcmin) 10 Least-cost path 2
Random walk path 1
100 Least-cost path 1
Random walk path 0
1000 Least-cost path 0
Random walk path 0
0.016 9 0.016 (1 9 1 arcmin) 10 Least-cost path 0
Random walk path 0
100 Least-cost path 0
Random walk path 0
1000 Least-cost path 0
Random walk path 0
© 2016 John Wiley & Sons Ltd
NOVA VIRUS IN BELGIUM 11
Belgium, were defined. Mitochondrial DNA analysis of
European mole samples previously found evidence for
the presence of three lineages of Talpa europaea. Of
these, two were restricted to Italy and Spain and a third
was demonstrated to be widespread across Europe.
Because all European moles that tested Nova virus pos-
itive appear to belong to the same European lineage,
the presence of two distinct Nova virus lineages can
thus not be explained through mitochondrial DNA data
(Feuda et al. 2015). We concluded that Nova virus has a
widespread distribution in Belgium. Previous studies
reported different theories concerning hantavirus evolu-
tion. The initial hypothesis of the co-evolution of
rodent-borne hantaviruses with their hosts over millions
of years has been well described (Plyusnin et al. 1996).
This theory was challenged by Ramsden et al. (2009),
giving the process of preferential host-switching and
local adaptation as preferred explanation for the appar-
ent similarities between phylogenies of hantaviruses
and their hosts and hinting to a far more recent
hantavirus origin. Recently, the most widely accepted
theory is one of virus-host codivergence and virus host-
switching both playing an important role in hantavirus
evolution (Guo et al. 2013). While our TMRCA calcula-
tions go back as far as 1760, the strong purifying selec-
tion, detected for the nucleocapsid protein, and possible
saturation of nucleotide sites make molecular dating of
these viruses impossible (Wertheim & Kosakovsky
Pond 2011).
Phylogenetic reconstruction demonstrated that Nova
virus has spread very efficiently in the European mole
population in Belgium. Furthermore, we found that the
main waterways in Belgium did not slow down Nova
virus dispersal. Such landscape heterogeneity does not
limit Nova virus, which can rapidly infect new host ani-
mals. Whether this is explained by the ability of moles
to swim over short distances or the possibility of
ancient dispersal during mole colonization, which is not
picked up in our analysis, remains a question.
Nova virus is a mole-borne hantavirus of which the
pathogenicity is not yet known. This study provides a
comprehensive analysis of Nova virus genetic diversity,
evolution and spatial spread. Although Nova virus is
highly divergent, conserved regions were present in the
Nova virus genome. Furthermore, Nova virus under-
went strong purifying selection, leading to a conserved
nucleocapsid protein. Nova virus has a high positivity
rate and has efficiently spread in the mole population.
A next step would be to study the pathogenic potential
of this mole-borne virus. Here we provide more infor-
mation about ecological factors driving hantavirus dif-
fusion. Furthermore, we provide a source of sequence
information that is of value for subsequent functional
experiments.
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